Inositol phospholipids [PIs (phosphoinositides)] represent a group of membrane-tethered signalling molecules which differ with respect to the number and distribution of monoester phosphate groups around the inositol ring. They function by binding to proteins which possess one of several domains that bind a particular PI species, often with high affinity and specificity. PH (pleckstrin homology) domains for example possess ligand-binding pockets that are often lined with positively charged residues and which bind PIs with varying degrees of specificity. Several PH domains bind not only PIs, but also their cognate headgroups, many of which occur naturally in cells as relatively abundant cytosolic inositol phosphates. The subcellular distributions of proteins possessing such PH domains are therefore determined by the relative levels of competing membrane-bound and soluble ligands. A classic example of the latter is the PH domain of phospholipase Cδ 1 , which binds both phosphatidylinositol 4,5-bisphosphate and inositol 1,4,5-trisphosphate. We have shown that the N-terminal PH domain of the Rho family guanine nucleotide-exchange factor, Tiam 1, binds PI ligands promiscuously allowing multiple modes of regulation. We also recently analysed the ligand-binding specificity of the PH domain of PI-dependent kinase 1 and found that it could bind abundant inositol polyphosphates such as inositol hexakisphosphate. This could explain the dual distribution of this key signalling component, which needs to access substrates at both the plasma membrane and in the cytosol.
Introduction
Pleckstrin homology (PH) domains are protein modules of approx. 120 amino acids with approx. 250 representatives within the human genome [1] [2] [3] . Whilst many PH domains bind PIs (phosphoinositides), they often do so with relatively low affinity and/or specificity [1, 2] . We have characterized the ligand-binding properties of several PH domains with the aim of defining a set of protein modules that can be used as probes for each of the currently known PI species. Specifically, we have made use of the PH domains of PLCδ 1 (phosphoinositide-specific phospholipase Cδ 1 ), general receptor for PI-1 and tandem PH-domain-containing protein 1 as specific reagents for the detection of PtdIns(4,5)P 2 , PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 respectively in a variety of contexts. For example, they can be used as GFP (green fluorescent protein)-fusion proteins expressed in live cells to analyse spatial and temporal aspects of PI signalling processes. GST (glutathione S-transferase)-fusion proteins of these probes have also been used for ultrastructural analyses of their cognate lipid ligands by quantitative immunoelectron microscopy [4, 5] , revealing pools of each of these lipids at intracellular locations as well as at the plasma membrane. We also developed a FRET (fluorescence resonance energy transfer)-based approach, which allows detection of PIs at picomolar sensitivity and can be used for mass assays of several lipid species and as a high throughput screening platform for PI kinases and phosphatases [6] .
PH domains consist of two orthogonally arranged β-sheets with one end of this structure blocked off by an amphipathic α helix. They bind target ligands through electrostatic interactions involving positively charged protein residues and the monoester phosphate groups of the PI headgroup. Hence several PH domains have been found to interact quite effectively with soluble inositol phosphates that have the same or similar configuration to established lipid ligands [7] [8] [9] . This therefore raises the question of whether promiscuous ligand binding is a common feature of PH domains and how such promiscuity might contribute to the functions of the proteins with which they are associated. In this paper, we discuss three examples of PH domains which bind both PI and inositol phosphate ligands, each with a distinct physiological purpose. The PH domain of PLCδ 1 (PH-PLCδ 1 ) tethers the enzyme to substrate-bearing membranes, an effect that is antagonized by Ins(1,4,5)P 3 , one product of PLC activity [9] . The N-terminal PH domain of the Rho family GEF (guanine nucleotideexchange factor), Tiam1 (NPH-Tiam1; where NPH stands for N-terminal PH), activates GTP exchange activity when bound to PI3K (phosphoinositide 3-kinase) lipid products and translocates to the cytosol in the presence of several inositol phosphate species [10] . Lastly, the PH domain of PDK1 (phosphoinositide-dependent kinase 1) has an unusual structure that allows binding of PIs as well as inositol polyphosphates such as InsP 6 . This may account for the dual distribution of PDK1 between plasma membranes and cytosol, which is required for it to access the full range of its substrates [11] .
PH-PLCδ 1 binds mutually antagonistic ligands
Several studies have shown that the binding of PtdIns(4,5)P 2 to PH-PLCδ 1 targets the holoprotein to the plasma membrane, its presumed site of action. The soluble product of PLC activity, Ins(1,4,5)P 3 , has also been shown to have an affinity for this PH domain that is at least as great as that of the parent lipid. This appears to be physiologically significant because stimulation of Ins(1,4,5)P 3 production following receptor-stimulated activation of PLC causes rapid translocation of GFP-tagged PH-PLCδ 1 from the plasma membrane to the cytosol resulting in feedback inhibition of PLC activity. This response has been utilized by several groups as a quantitative, spatial and temporal means of following PLC activity [9, 12] . It remained unclear, however, whether the GFPtagged probe was detecting the increase in Ins(1,4,5)P 3 concentration or the decline in PtdIns(4,5)P 2 concentration that occurs concomitantly. To address this, we examined the cytosolic translocation of GFP-tagged PH-PLCδ 1 in 1321N1 astrocytoma cells stimulated with a thrombin receptor agonist and in parallel measured PtdIns(4,5)P 2 and Ins(1,4,5)P 3 levels biochemically [10] . Activation of thrombin receptors caused rapid loss and then recovery of PtdIns(4,5)P 2 levels, a pattern mirrored by an increase and return to near basal levels of Ins(1,4,5)P 3 and by the translocation of PH-PLCδ 1 from membranes to cytosol and back again. When this experiment was repeated in the presence of a high dose of wortmannin, to block PtdIns 4-kinase activity, the behaviours of Ins(1,4,5)P 3 and PH-PLCδ 1 were similar, but the PtdIns-(4,5)P 2 concentration remained depressed over a prolonged period indicating the failure to resynthesize PtdIns(4,5)P 2 under these conditions. This result implies that it is the production of Ins(1,4,5)P 3 rather than the decline in PtdIns-(4,5)P 2 that has the major effect on PH-PLCδ 1 translocation in this system [10] emphasizing the feedback inhibitory role of Ins(1,4,5)P 3 on PLC activity.
NPH-Tiam1 binds multiple ligands with distinct functions
Tiam1 is a Rho family GEF, which activates Rac and/or Cdc42 by enhancing the release of GDP and hence increasing the proportion of GTP-bound, active GTPase. Members of this family of GEFs contain at least one PH domain, closely associated with the active site DH (Dbl homology) domain. Tiam1 comprises a DH domain, consensus sequences for phosphorylation by several protein kinases, a PEST domain, a Discs-large homology region and two PH domains, one located on each side of the DH domain [13] . NPH-Tiam1 is required for constitutive targeting of Tiam1 to the plasma membrane and binds PIs in the rank order PtdIns(3,4,5)-P 3 > PtdIns(3,4)P 2 > PtdIns(4,5)P 2 , but only the 3-PIs are capable of stimulating its Rac-GEF activity [14] . Nevertheless, due to its much greater abundance in cells, PtdIns(4,5)P 2 remained a candidate ligand for plasma membrane targeting.
To address this, we performed experiments in 1321N1 astrocytoma cells similar to those described above for PH-PLCδ 1 [10] . Indeed GFP-tagged C1199-Tiam1 (a truncated version of Tiam1 lacking the N-terminal PEST sequence) translocated from plasma membranes to cytosol upon stimulation of PLC-coupled thrombin receptors. The transient nature of this response was similar to that observed using PH-PLCδ 1 and was not affected by pretreatment with 10 µM wortmannin, indicating that it was due to PLC-mediated production of soluble inositol phosphates rather than the decline in PtdIns(4,5)P 2 concentration. It was also possible to show cytosolic translocation of endogenous Tiam1 in response to activation of thrombin receptors [10] .
Several inositol phosphate species are produced in cells following PLC activation due to the complex metabolism of Ins(1,4,5)P 3 . Therefore we investigated the specificity of this translocation event by micro-injecting individual inositol phosphate species into GFP-tagged C1199-Tiam1 transfected cells. The naturally occurring inositol phosphates, Ins(1,4,5)P 3 , Ins(1,3,4)P 3 and Ins(1,3,4,5)P 4 , were all able to cause translocation of C1199-Tiam1 when individually microinjected into astrocytoma cells, suggesting that these direct and indirect products of PLC activity are responsible for Tiam1 release from plasma membranes [10] .
Several lines of evidence indicate that membrane localization of Tiam1 is required for the expression of Rac-GEF activity in vivo. Thus it might be expected that cytosolic translocation of Tiam1 would inhibit its function and hence reduce the level of cellular GTP-Rac. This was indeed found to be the case; when astrocytoma cells were stimulated with a thrombin agonist the GTP-Rac levels fell and then recovered in parallel with the cytosolic translocation of C1199-Tiam1. By contrast, when cellular PI3K activity was stimulated, GTP-Rac increased in agreement with the idea that PtdIns(3,4,5)P 3 stimulates the GEF activity of Tiam1 [10] .
Overall, the results suggest that inositol lipids play several important roles in regulating the catalytic activity and subcellular localization of Tiam1. PtdIns(3,4,5)P 3 , PtdIns(3,4)P 2 and PtdIns(4,5)P 2 are candidate lipids that could account for the membrane localization of Tiam1. However, membrane association of Tiam1 was insensitive to wortmannin or stimuli that activate PI3K. This together with knowledge of the relative levels of these three lipids compared with their relative affinities for Tiam1 suggests that PtdIns(4,5)P 2 probably accounts for constitutive membrane association of Tiam1. This ligand binding may switch towards PtdIns(3,4,5)P 3 when the concentration of the latter increases in response to growth factors and/or insulin, accounting for the PI3K-dependent stimulation of Tiam1 GEF activity towards Rac. Tiam1 catalytic activity is also regulated by phosphorylation mediated by CamKII (calcium/calmodulin-dependent kinase II) [15] . This appears to require PtdIns(4,5)P 2 -liganded and hence plasma membrane-targeted Tiam1. Hence, NPH-Tiam1 binds three types of ligands with distinct effects. Constitutive membrane association via PtdIns(4,5)P 2 binding is necessary for CamKII-dependent activation downstream of Ca 2+ signalling. PtdIns(3,4,5)P 3 displaces PtdIns-(4,5)P 2 binding upon activation of PI3K and this directly activates Rac GEF activity. Finally, the generation of inositol phosphates via PLC activity competes with lipid ligands resulting in membrane to cytosol translocation and concomitant inhibition of Tiam1 function.
Inositol lipids and phosphates maintain the distinct membrane-bound and cytosolic pools of PDK1 required to access its diverse substrates
In each of the above examples, soluble inositol phosphates can antagonize the positive roles played by lipid ligands in the regulation of PH domain-containing proteins. The situation differs with PDK1, which needs to access substrate proteins some of which become membrane-bound and others which are cytosolic [16, 17] . PDK1 was first identified as the kinase responsible for PtdIns(3,4,5)P 3 -dependent phosphorylation of Thr 308 within the activation loop of PKB (protein kinase B)/Akt [18, 19] . PDK1 possesses a C-terminal PH domain that binds PIs and a kinase domain that phosphorylates and activates many other kinases, in addition to PKB, which belong to the AGC (cAMP-stimulated, cGMP-stimulated and C-kinase) subfamily of kinases.
A remarkable feature of PDK1 is that insulin and growth factors control its activity by regulating its interaction with substrates. In the case of PKB, this is achieved by a small pool of PDK1 that is constitutively anchored to plasma membranes via its PH domain. PKB is normally cytosolic, but translocates to the plasma membrane upon activation of type I PI3Ks, which generate PtdIns(3,4,5)P 3 and/or PtdIns(3,4)P 2 , both of which are ligands for PKB's PH domain (Figure 1 ). Co-localization of PDK1 and PKB in this manner appears sufficient to account for PI3K-dependent phosphorylation of Thr 308 in the latter enzyme [20] . Full activation of PKB requires a second kinase that phosphorylates Ser 473 within the hydrophobic motif and was previously termed PDK2, since phosphorylation of this site could also be blocked by inhibitors of PI3K. Recent compelling evidence suggests that Ser 473 is phosphorylated by the mTOR (mammalian target of rapamycin) kinase in complex with a protein called Rictor [21] . Ironically, this complex, unlike the mTOR-Raptor complex, is not sensitive to inhibition by rapamycin. PDK1 also activates p70S6K (p70 ribosomal S6-kinase), SGK (serum and glucocorticoid responsive kinase), RSK (p90 ribosomal S6-kinase) and protein kinase C isoforms by phosphorylating these enzymes within their activation loops. These enzymes do not possess PH domains and are localized within the cytosol. Growth factor and/or insulin stimulation causes the PI3K-dependent phosphorylation of these AGC kinases within their hydrophobic motifs, resulting in the formation of a docking motif that binds cytosolic PDK1 through a pocket on the latter's catalytic domain. This binding is required for PDK1-dependent phosphorylation of the activation loop of the cytosolic substrates [22] . Hence, it is necessary to maintain both cytosolic and membrane-bound pools of PDK1 for efficient activation of its full range of substrates.
PtdIns(4,5)P 2 binding may account for the constitutive membrane-associated pool of PDK1
In order to investigate how these two major pools of PDK1 arise, we performed a detailed analysis of the ligandbinding characteristics of both full-length PDK1 and its isolated PH domain [11] . To do this, we made use of a novel approach for determining the ligand-binding affinities of lipid-binding protein domains. This employs a sensor complex, comprising biotinylated lipids bound to streptavidincoupled APC (allophycocyanin; a fluorescent protein), a GST-fusion protein of the lipid-binding protein under study, and anti-GST labelled with Lance chelate (fluorescence donor). When the components of this complex assemble and the sample is excited at 340 nm, FRET occurs between the Lance chelate and APC and can be detected as a timeresolved emission signal at 665 nm. The addition of exogenous lipids or inositol phosphates capable of binding the domain under study displaces the complex and reduces the time-resolved FRET signal. This reduction in signal is the basis for determining the affinities of a wide range of competing ligands. In agreement with previous studies, fulllength PDK1 was found to have a very high affinity for PtdIns(3,4,5)P 3 , much greater than that for the PH domain of PKB (see Figure 1 ), but with a significant affinity for PtdIns(4,5)P 2 (0.7 µM). Given the high concentration of the latter lipid [10 3 -fold greater than PtdIns(3,4,5)P 3 ] [23] and that inhibition of PI3K did not cause displacement of PDK1 from membranes, we suggest that PtdIns(4,5)P 2 binding may account for the plasma membrane pool of PDK1.
Soluble inositol polyphosphates are potent ligands for the PH domain of PDK1
The PH domain of PDK1 has an unusual 'budded' structure with an N-terminal extension that is part of the overall polypeptide fold and a particularly spacious ligand-binding site. This probably accounts for the unexpected finding that InsP 5 and InsP 6 bind strongly to full-length PDK1 [11] . This contrasts starkly with our findings for PKB, which, in our hands, bound 3-PIs, but did not bind any soluble inositol phosphates to a significant degree (Figure 1 ; but compare with contradictory data in [24, 25] ). This raised the question of whether InsP 6 , which occurs naturally in the majority of cells at levels which exceed its K d for binding PDK1 [26] , could function to maintain the physiologically significant, cytosolic pool of PDK1. Evidence to support this idea was obtained by comparing the behaviour of full-length PDK1 with that of its isolated PH domain. The latter has a much lower affinity for inositol polyphosphates, and to a lesser extent for PIs, than the full-length protein, implying that there may be interactions of some ligands with non-PH domain regions of the holoprotein. Whereas full-length GFP-tagged PDK1 was mainly cytosolic when expressed in HEK-293 (human embryonic kidney 293) cells and did not translocate in response to stimulation with insulin-like growth factor 1, the isolated PH domain did translocate, as did the PH domain of PKB. These data are compatible with the idea that the high affinity of PDK1 for soluble inositol polyphosphates may function to retain a pool of this kinase in the cytosol [11] .
Conclusions
The ligand-binding characteristics of many PH domains are complex and often include both membrane-bound and soluble components. The subcellular localization of proteins containing apparently promiscuous PH domains is therefore likely to reflect the balance of competing ligands and this in turn enhances the versatility of control mechanisms that function through dynamic changes in the concentrations of PH domain-binding second messengers. For PDK1, the situation is summarized in Figure 2 . We propose that the membrane-associated pool of this lipid is constitutively bound to PtdIns(4,5)P 2 allowing it to phosphorylate PKB only when the latter translocates to membranes in response to activation of PI3K. This mechanism therefore depends upon the distinct ligand-binding characteristics displayed by the PH domains of PDK1 and PKB (Figure 1) respectively. On the contrary, we have suggested that the cytosolic pool of PDK1 is maintained by the constitutively high cytosolic concentration of InsP 6 and/or InsP 5 and that this is necessary for efficient phosphorylation of its soluble substrate proteins.
